Aims/hypothesis Women who develop gestational diabetes mellitus (GDM) have an elevated lifetime risk of type 2 diabetes mellitus. Recently, a series of studies has suggested that women with GDM also have an increased risk of cardiovascular disease (CVD). However, it is unclear if this risk is dependent upon the intercurrent development of type 2 diabetes. Thus, we conducted a systematic review and meta-analysis to evaluate the impact of GDM on future risk of incident CVD and to ascertain the role of type 2 diabetes in this regard. Methods We systematically searched the PubMed and EMBASE databases for observational studies that evaluated the association of GDM with subsequent CVD, with publication between 1 January 1950 and 30 August 2018. Two independent reviewers extracted data and the analysis was performed in accordance with Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines. RRs were calculated using a random-effects model to assess the predictive value of GDM for future cardiovascular events. To evaluate whether incident type 2 diabetes in the GDM population influenced the association with CVD, we used meta-regression models followed by sensitivity analyses restricted to women who did not develop type 2 diabetes during follow-up. Results A pooled analysis of nine studies yielded data from 5,390,591 women (101,424 cardiovascular events). Compared with those who did not have GDM, women with GDM had a twofold higher risk of future cardiovascular events (RR 1.98 [95% CI 1.57, 2.50]). Meta-regression analysis showed that the rates of incident type 2 diabetes across the studies did not affect this risk (p = 0.34). Moreover, when restricted to women who did not develop type 2 diabetes, GDM remained associated with a 56% higher risk of future cardiovascular events (RR 1.56 [95% CI 1.04, 2.32]). GDM conferred a 2.3-fold increased risk of cardiovascular events in the first decade postpartum (RR 2.31 [95% CI 1.57, 3.39]). Conclusions/interpretation The diagnosis of GDM identifies young women who have a twofold higher risk of cardiovascular events postpartum compared with their peers. This risk is not dependent upon intercurrent type 2 diabetes and is apparent within the first decade after pregnancy. Thus, even without progressing to type 2 diabetes, women with GDM comprise an at-risk population for CVD and hence a potential opportunity for early risk factor surveillance and risk modification.
Introduction
Gestational diabetes mellitus (GDM), or glucose intolerance with first onset and recognition in pregnancy, has been a clinical entity fraught with controversy since its first description in 1964 [1] . While ongoing debate in the ensuing half-century has centred around the diagnostic criteria and the optimal protocol for its screening and detection, there is universal recognition that GDM identifies future risk of type 2 diabetes [2] . Indeed, although glucose tolerance typically returns to normal in the immediate postpartum period, women with GDM have a 20-70% risk of progressing to type 2 diabetes in the first decade after delivery [2] . Thus, GDM is an established clinical predictor of future diabetes risk, with affected women exhibiting a greater than sevenfold higher overall incidence of type 2 diabetes, as compared with their peers [2] .
Whereas the association between hyperglycaemia in pregnancy and subsequent type 2 diabetes has been known for more than 50 years, a much more recent development has been recognition of an analogous relationship with cardiovascular disease (CVD). Notably, a series of studies in recent years has suggested that, despite their relative youth (i.e. being of childbearing age), women with GDM have an increased incidence of major cardiovascular events in the years to decades postpartum [3] . However, these studies have yielded varying estimates of the magnitude of this risk, and have offered conflicting evidence on whether it is dependent upon the intercurrent development of type 2 diabetes. Specifically, whereas some studies have suggested that women with GDM only develop CVD if they progress to type 2 diabetes [4] [5] [6] , others have argued that an increased cardiovascular risk can manifest even in the absence of diabetes [7] [8] [9] .
This conflicting evidence holds fundamental implications for clinical cardiovascular risk assessment in women. Namely, if an increased cardiovascular risk only manifests upon progression to type 2 diabetes, then clinical monitoring of glucose tolerance should suffice for prompting vascular evaluation in women with a history of GDM. Conversely, if this risk is not dependent upon intercurrent type 2 diabetes, then all women with GDM may warrant vascular surveillance in practice, regardless of whether they develop diabetes. Thus, in this context, we performed a systematic review and meta-analysis to: (1) obtain robust quantification of the future risk of CVD in women with GDM; and (2) ascertain the role of type 2 diabetes in this regard.
Methods
This systematic review and meta-analysis is reported in accordance with the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines and was registered at the International Prospective Register of Systematic Reviews (http://www.crd.york.ac.uk/prospero; CRD42018096478) [10] .
Search strategy and selection criteria To perform a systematic review of the published literature, we selected relevant studies published between 1 January 1950 and 30 August 2018 by searching EMBASE and PubMed. We used the combined medical subject headings (MeSH) terms 'Diabetes, Gestational' and 'Cardiovascular'. The complete search used for PubMed was 'Diabetes, Gestational' [MeSH] and ('Cardiovascular Diseases' [MeSH] OR 'Cardiovascular' [text]). All potentially eligible studies were considered for review, regardless of the primary outcome or language. A manual search was also performed, using the references of key articles published in English.
Studies were considered eligible for inclusion if they were observational studies of women with and without GDM, and reported the number of participants with any cardiovascular event in each arm. Cardiovascular events included fatal and non-fatal ischaemic heart disease and cerebrovascular events. Studies were excluded if the cardiovascular outcome was self-reported or if only surrogate cardiovascular markers were reported.
Data extraction and quality assessment Two independent investigators (C. K. Kramer and S. Campbell) reviewed the study titles and abstracts, and studies that satisfied the inclusion criteria were retrieved for full-text evaluation. Studies selected for detailed analysis and data extraction were analysed by the two investigators with an agreement value (κ) of 97.5%; disagreements were resolved by a third investigator (R. Retnakaran). The following data were extracted from each selected study: total number of participants; number of participants with previous GDM; mean participant age; study duration; incidence of type 2 diabetes in the GDM population; and number of participants with any cardiovascular event in women with and without previous GDM. We emailed the authors of the included studies to obtain missing descriptive data and data on cardiovascular events in women who did not develop type 2 diabetes. When studies only reported individual rates of cardiovascular events, we used combined estimates for pooling the data.
The Newcastle-Ottawa scale (NOS) for assessing the quality of observational studies in meta-analysis was applied (see Electronic Supplementary Material [ESM] Table 1 ) [11] . The NOS contains eight items, categorised into three domains of selection, comparability and exposure. For each item, a series of response options is provided. A star system is used to enable semi-quantitative assessment of study quality, with the highest-quality studies awarded a maximum of one star for each item with the exception of the comparability domain, which allows the assignment of two stars. As such, the NOS ranges between zero and nine stars [12] .
Data synthesis and analysis An overall RR was calculated to assess the predictive value of GDM for future cardiovascular events. We calculated pooled estimates of the RR using a random-effects model (DerSimonian-Laird method) to adequately account for the additional uncertainty associated with study-study variability. The Cochran Q test was used to evaluate heterogeneity among studies, with a threshold of p < 0.1 considered statistically significant. I 2 testing was also performed to evaluate heterogeneity among studies, with values above 50% considered indicative of high heterogeneity [13] .
We explored heterogeneity among studies using three strategies. First, we re-ran the meta-analysis removing each study one at a time to determine whether a particular study accounted for the heterogeneity. Second, we performed sensitivity analyses to assess subgroups of studies most likely to yield valid estimates of the intervention based on clinically relevant study characteristics, such as duration of follow-up, mean age and incidence of type 2 diabetes. Finally, recognising that random-effect models attribute increased weight to small studies in determining an overall estimate, we performed sensitivity analyses including only the three largest studies. We also performed a sensitivity analysis pooling adjusted data from the studies to address the possibility of confounding.
Publication bias was assessed using a funnel plot of effect size against standard error for every study. Funnel plot asymmetry was tested using Begg and Egger tests, with significant publication bias defined by p < 0.1 [14] .
To evaluate the potential confounder effect of incident type 2 diabetes in the association between GDM and subsequent cardiovascular events, two approaches were used. First, using randomeffects univariate meta-regression models, we assessed whether the incident rates of type 2 diabetes in the GDM population of each study influenced the association of GDM and CVD. Second, we performed sensitivity analyses that were restricted to only those women who did not develop type 2 diabetes.
Finally, to evaluate the impact of GDM on the risk of CVD over time, meta-regression was performed to evaluate whether the duration of follow-up in the study impacted the estimate of CVD risk associated with GDM. We also performed sensitivity analyses restricted to only those studies with ≤10 years of follow-up after the index pregnancy. All analyses were performed using Stata 11.0 (Stata, College Station, TX, USA).
Results
We identified 1737 studies through electronic searches and one study using a manual search. Of these, 1723 were excluded on the basis of the title and abstract, leaving 15 studies for further assessment (ESM Fig. 1 ). Six studies were excluded after full assessment; four did not meet our criteria for the outcome and two had study populations that overlapped with those of an included study (ESM Fig. 1 ). Nine studies met our inclusion criteria [6, 8, 9, [15] [16] [17] [18] [19] [20] and were included in the analysis, providing data on 5,390,591 women and 101,424 cardiovascular events (8003 in women with GDM and 93,421 in women without GDM). Table 1 summarises the included studies, which were all published between 2013 and 2018. One study had a case-control design [16] , while the others were cohort studies. The studies varied in their sample size, ranging from fewer than 100,000 women [6, 15, 16, 19 ] to 200,000-900,000 [17, 18] and more than one million women [8, 9, 20] . The mean duration of follow-up varied from 1.0 to 25.7 years. Evaluation of the quality of the studies is shown in ESM Table 1 . In accordance with the NOS quality assessment scale for cohort studies, the majority of studies achieved at least seven stars, indicative of overall good quality.
In the main analyses (n = 5,390,591 women), compared with those without a history of GDM, the RR for future cardiovascular events in women with previous GDM was 1.98 (95% CI 1.57, 2.50) (Fig. 1 ). All but one study reported a significantly higher risk of cardiovascular events in women with GDM. However, there was significant heterogeneity in the individual estimates of the magnitude of the association (I 2 = 98.6%, p < 0.001). There was no evidence of publication bias on the Egger regression test (p = 0.25) (ESM Fig. 2 ). The effect of GDM on CVD risk was largest in the studies by Savitz et al [17] and Kessous et al [15] , potentially reflecting the limited duration of follow-up in the former (1 year postpartum) and differences in the participant population of the latter (i.e. being from a tertiary-care centre). In an attempt to explore the heterogeneity among studies, we re-ran the metaanalysis removing each study one at a time, but found that no particular study accounted for the heterogeneity. In addition, subgroup analyses by duration of follow-up, mean age and incidence of type 2 diabetes also did not account for the heterogeneity (data not shown). Conversely, however, variability in sample sizes appeared to play a role. Indeed, when we performed sensitivity analyses restricted to the three largest studies [8, 9, 20] , which provided data on 4,101,133 women, we confirmed that GDM was associated with an increased risk of cardiovascular events (RR 1.52 [95% CI 1.48, 1.56]) with non-significant heterogeneity of 2.6% (p = 0.36). Coupled with the robust sample size of the overall analysis and recognition that all but one of the nine studies noted significantly increased cardiovascular risk in women with previous GDM, these data are reassuring of the reliability of the observed relationship between GDM and subsequent CVD.
To address the possibility of confounding, we performed a sensitivity analysis in which we pooled the adjusted data from each study. While each study provided at least one adjusted model, the potential confounders for which the estimates were adjusted varied among the studies. In addition, some studies presented these data stratified by outcome or by clinical characteristics such as obesity or subsequent progression to diabetes. These study-specific features of the adjusted analyses are shown in Table 2 . To pool these adjusted data, we used a random-effects model in which we included the adjusted HR of the most comprehensive adjusted model reported in each study. When these data were provided by specific CVD outcome or by specific clinical characteristics, we included the data from the most prevalent CVD outcome or from the largest clinical group. On this sensitivity analysis, GDM remained independently associated with future CVD (HR 1.59 [95% CI 1.35, 1.85], I 2 = 86.3%).
Impact of incident type 2 diabetes
To address the potential impact of incident type 2 diabetes on the risk of CVD conferred by GDM, we performed univariate meta-regression analysis to assess whether the rate of type 2 diabetes in each individual study impacted the association between GDM and cardiovascular events. This analysis revealed that the rates of incident type 2 diabetes across the studies did not affect the risk conferred by GDM (p = 0.34) (ESM Fig. 3 (Fig. 2) .
Impact of GDM on risk of CVD over time Finally, we sought to evaluate the impact of GDM on the risk of CVD over time in affected women. Meta-regression analysis of the impact of duration of follow-up suggested that the differential risk of CVD between women with GDM and those without GDM was highest in the first decade after the index pregnancy and decreased over time (p = 0.06) (ESM Fig. 4 ). We thus performed a sensitivity analysis restricted to studies with a follow-up duration of ≤10 years. This analysis revealed that GDM was indeed associated with a 2.3-fold increase in cardiovascular events in the first decade postpartum (RR 2.31 [95% CI 1.57, 3.39]) (Fig. 3) . It thus emerges that the diagnosis of GDM identifies a population of women who are at risk for CVD at a time in life (i.e. during their reproductive years) when their peers are not; a differential risk that may be attenuated over time as the latter reach middle/older age and beyond, when the overall incidence of CVD in women is known to rise.
Discussion
In this meta-analysis involving more than five million women, we have demonstrated three key findings. First, compared with their peers, women with GDM have a twofold higher risk of major cardiovascular events in the years after the index pregnancy. Second, this risk is not dependent upon the intercurrent development of type 2 diabetes. Third, despite their relative Overall (I 2 = 98.6%, p = 0.000) Kessous et al [15] Goueslard et al [8] Fadl et al [16] McKenzie-Sampson et al [20] Daly et al [19] Study Tobias et al [6] Kaul et al [18] Retnakaran and Shah [9] Savitz et al [17] 47,909 youth at presentation in pregnancy, the risk of CVD in women with GDM is evident by as early as the first decade after delivery. Thus, the diagnosis of GDM provides a unique opportunity to identify future risk of vascular disease in young women at an early point in the disease's natural history, when risk modification and primary prevention may potentially be feasible. Though sometimes under-recognised because of sexspecific differences in presentation, CVD remains the leading [16] 2014 75 g glucose challenge: fasting capillary whole blood glucose ≥6.1 mmol/l (fasting plasma glucose ≥7 mmol/l) and/or 2 h blood glucose ≥9.0 mmol/l (plasma glucose ≥10 mmol/l) Inpatient diagnosis or cause of death identifying ischaemic heart disease, ischaemic stroke, atherosclerosis, peripheral vascular disease Savitz et al [17] 2014 ICD (9th revision) a codes for gestational diabetes Heart failure, intracranial haemorrhage, stroke/TIA, coronary heart disease Kaul et al [18] 2015 Canadian Diabetes Association guidelines: 50 g glucose challenge followed by 75 or 100 g glucose challenge
One inpatient hospitalisation or two outpatient visits in 2 years for CVD (ischaemic heart disease and cerebrovascular disease) Goueslard et al [8] 2016 ICD (10th revision) b codes for gestational diabetes Angina, myocardial infarction, ischaemic stroke, TIA, cerebrovascular disease
Tobias et al [6] 2017 Self-report of physician's diagnosis Non-fatal and fatal myocardial infarction and stroke
Retnakaran and Shah [9] 2017 Physician diagnosis (administrative codes) Hospitalisation for myocardial infarction, acute coronary syndrome, coronary artery bypass graft, percutaneous coronary intervention, stroke, or carotid endarterectomy Daly et al [19] 2018 Physician diagnosis (administrative codes) Clinical diagnosis of coronary artery disease (ischaemic heart disease) and cerebrovascular disease (stroke or TIA)
McKenzie-Sampson et al [20] 2018 Savitz et al [17] Tobias et al [6] Fadl et al [16] Retnakaran and Shah [9] cause of death in women [21, 22] . In recent years, there has been growing recognition that adverse pregnancy outcomes (such as GDM, pre-eclampsia and pre-term delivery) can identify future cardiovascular risk in women, although clinical uptake of this concept has been limited [22] . In the case of GDM, three factors have likely contributed to this limited awareness:
(1) the very recent emergence of the association of GDM with CVD (e.g. all the studies in this meta-analysis were published within the past 6 years); (2) the range of risk estimates that these studies have provided; and (3) uncertainty over whether the cardiovascular risk is entirely dependent upon type 2 diabetes. An earlier meta-analysis [23] included fewer studies and its risk estimate was compromised by the inclusion of two studies from our group that had overlapping participant populations [4, 9] and studies with self-reported outcomes [7, 24] , as well as no assessment of the role of type 2 diabetes. The current meta-analysis was thus designed to address these gaps. Our analysis reveals that, based on the studies to date, the elevated cardiovascular risk associated with previous GDM is relatively modest in its overall magnitude, in keeping with the low likelihood of major cardiovascular events in young women. Importantly, however, closer consideration of these data provides some revealing insights. First, it is notable that the association between GDM and CVD is consistently apparent across study populations of varying sizes from different countries (Table 1) . Considering the lack of consensus in GDM diagnostic criteria and screening protocols across jurisdictions (and hence the anticipated clinical heterogeneity of the GDM groups across studies), this consistency is suggestive of a robust association between hyperglycaemia in pregnancy and subsequent CVD. Indeed, consistent with this concept, even women with mild glucose intolerance in pregnancy (not meeting the diagnostic criteria for GDM) have been shown to have an elevated risk of cardiovascular events over a median of 12.3 years after delivery as compared with their normoglycaemic peers [5] .
The second key point is that the increased risk of CVD following GDM is already apparent within the first decade after the pregnancy, at a time in life when women would be otherwise unlikely to experience major cardiovascular events. Coupled with the observation that the differential risk between women with previous GDM and their peers appears to decline over time (likely reflecting the increased incidence of CVD overall in women after their reproductive years), these data suggest that the diagnosis of GDM identifies a high-risk vascular phenotype prior to its clinical presentation. Accordingly, the GDM-CVD association can be viewed as a unique opportunity for the early identification of impending vascular risk in a population of young women in whom it may not have been previously suspected, thereby raising the possibility of risk modification and primary prevention.
In this context, our demonstration that this risk is not entirely dependent upon the development of type 2 diabetes holds implications for practice. Specifically, our data show that, even if they do not progress to type 2 diabetes, women with GDM have an elevated risk of CVD. Moreover, the same message is conveyed by the early divergence of cardiovascular risk between women with and without GDM within the first decade after pregnancy, insofar as that modest window likely provides insufficient time for postpartum progression to type 2 diabetes to be solely responsible for the atherosclerotic process underlying CVD. While we cannot exclude the Overall (I 2 = 99.0%, p = 0.000)
Retnakaran and Shah [9] Fadl et al [16] Kaul et al [18] Study Savitz et al [17] Kessous et al [15] Goueslard et al [8] 1 RR (95% CI) Fig. 3 Association between duration of follow-up and risk of cardiovascular events conferred by GDM: meta-analysis of the association between GDM and the risk of cardiovascular events in studies with ≤10 years of follow-up. Weights are from random-effects analysis possibility that the pathologic processes underlying type 2 diabetes and CVD may evolve over time in parallel with one another (as per the "common soil" hypothesis) [25] , the practice point emerging from these data is that, regardless of whether they have developed type 2 diabetes, women with a history of GDM have a higher risk of CVD than their peers and hence warrant an enhanced index of suspicion in this regard.
Since type 2 diabetes is not the sole determinant of the increased CVD risk, it is reasonable to consider the status of other cardiovascular risk factors in this population. In this context, it is notable that, compared with their peers, women with a history of GDM have a higher prevalence of several cardiovascular risk factors, including the metabolic syndrome, hypertension, elevated C-reactive protein, hypoadiponectinemia and dyslipidaemia (including low levels of HDL-cholesterol and elevated triacylglycerols, LDL-cholesterol, apolipoprotein-B, and small dense LDL particles) [26] [27] [28] . In addition, each of these features has been shown to be present as early as 3 months after delivery, suggesting that women with GDM may experience long-term exposure to this enhanced risk factor profile [3, [26] [27] [28] . Further supporting this chronicity is a growing body of evidence showing that women who develop GDM have cardiometabolic abnormalities prior to their pregnancy [29, 30] . Taken together, these data support the emerging concept that women who develop GDM actually have a chronic metabolic disorder that comes to clinical attention during gestation, although it exists before, during and after the pregnancy [30] . In this way, the diagnosis of GDM may be seen as identifying women who have a longstanding, high-risk cardiometabolic phenotype that would otherwise escape clinical detection during the relative youth of their childbearing years, if not for the glucose tolerance screening that they undergo in pregnancy (which is the only situation in practice in which population testing for diabetes is routinely performed). Accordingly, it may be that long-standing exposure to this risk factor profile ultimately contributes to the risk of CVD and its manifestation earlier in life in women with GDM, as compared with their peers.
It should be appreciated that there may be unrecognised factors both during and after pregnancy that contribute to the observed association of GDM and subsequent CVD. These could include associated conditions in pregnancy (e.g. pre-eclampsia) or latent unrecognised cardiovascular risk determinants. The importance of further research to elucidate these factors is underscored by the fact that their recognition could inform future practice strategies for identifying those women with GDM who are at highest risk for CVD.
A strength of this study is the large sample size, with data from a variety of countries (Canada, USA, UK, France, Sweden and Israel), reflecting a range of ethnic groups. Indeed, the Canadian cohort studies [9, 18, 20] were performed using population-based provincial databases that reflect the multi-ethnic compositions of their respective provinces. Accordingly, the current data provide a robust estimate of the risk of CVD following GDM that should be widely generalisable. Conversely, a limitation is that there were only nine studies and there was some heterogeneity in effect size. Although there was no evidence of publication bias in our analyses, it is also still possible that there could be small unpublished negative studies. In addition, the absence of data on cardiovascular risk factors in the studies included in this analysis precluded the direct evaluation of their impact. Future studies should therefore include longitudinal characterisation over time of cardiovascular risk factors and vascular function in women with recent GDM. The over-arching objective of such research would be to identify the relevant risk determinants and then ideally to intervene upon them prior to the development of abnormal vascular function and structure. In this regard, it is encouraging that studies to date have yielded conflicting findings on whether women with recent GDM have impaired endothelial function in the early postpartum years [3] , suggesting that a window of opportunity for intervention may still be open at that point in time. While the ultimate clinical goal would be for practitioners to use the insight into future cardiovascular risk provided by the diagnosis of GDM to intervene and prevent the development of vascular disease in women, the indispensable first step towards this objective is widespread clinical awareness of the GDM-CVD association, particularly in young women of reproductive age in whom practitioners may not otherwise suspect underlying vascular disease.
In conclusion, the diagnosis of GDM identifies young women who have a twofold elevated risk of developing CVD in the years thereafter, as compared with their peers. This risk is not dependent upon the intercurrent development of type 2 diabetes and is apparent as early as the first decade after pregnancy. Thus, the diagnosis of GDM should be recognised as providing a unique window into a woman's future risk of CVD, and hence an opportunity for early risk modification and possibly prevention of the leading cause of mortality in women.
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